Abstract: The application of solid electrolytes in electrochemical cells is used as a basis for establishing quality criteria for these materials. Emphasis is given to the electrolyte window and the bulk ionic conductivity in the design of a solid electrolyte. Fast ionic conduction in stoichiometric compounds is characterized by a transition from long-range to short-range ordering that may be smooth or first-order. Smooth transitions involving cluster excitations are contrasted with first-order transitions involving ionic ordering within an array of otherwise equivalent lattice sites or a displacive transition of the fixed-ion array. Ionic conduction in doped compounds is hindered by trapping at the dopants as well as by interactions between the mobile species that introduce short-range ordering. Water absorption may plague oxide-ion electrolytes. Illustrative examples are cited.
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BACKGROUND Qualitv Criteria
An electrolyte is an ionic conductor and an electronic insulator. Ideally it conducts only one ionic species, a condition that is more easily satisfied in a solid than in a liquid. Electrolytes find their primary application in electrochemical cells. Solid electrolytes are particularly useful where the reactants of the electrochemical cell are either gaseous or liquid.
Electrochemical cells are of two types: power cells and sensors. In an ideal power cell, the ionic current through the electrolyte inside the cell matches an electronic current through an external load. A solid electrolyte acts as a separator of the two electrodes as well as a carrier of the internal ionic current. It is in the form of a membrane of thickness L and area A that separates electronically the two electrodes of the cell. Any internal electronic current across the electrolyte reduces the power output. The internal resistance to the ionic current is where Gi is the ionic conductivity of the electrolyte. For a current I through the cell, the voltage IRi represents a potential drop that js to be minimized. Even in potentiometric sensors, the resistance Ri must be maintained below a certain level to obtain satisfactory sensitivity and speed of response, and any electronic contribution to the internal cell current must be factored into the cell calibration.
These simple considerations lead to the following general quality criteria for a solid-electrolyte material to be used in an electrochemical cell. 1.
To minimize Ri for a given intrinsic Oi, the material must lend itself to easy fabrication into a mechanically strong membrane of small L and large A. Optimization of cell design may also require the fabrication of membranes of complex shape.
2.
Unless an exceptionally small L/A ratio is feasible, an acceptable Ri generally requires a O i > 10-2 Scm-I at the cell operating temperature Top. Note: In general, the conductivity is a tensor, but for polycrystalline electrolytes a scalar Oi is used.
3.
A transport number
is needed. In general, there is only one mobile ion in a solid electrolyte so that Cjoj = oi. Because any electronic mobility is much greater than the ionic mobility, only a relatively small number of electronic carriers can make the electronic conductivity Oe competitive with oi, i.e. oe 2 oi, to degrade ti to an unacceptable level.
4.
The resistance to ion transfer across the reactant/electrolyte interface must also be low.
.
Chemical stability in the working environment requires that the electrolyte is neither reduced by the reductant at the negative electrode nor oxidized by the oxidant at the positive electrode. Thermodynamic stability is only achieved by placing the bottom of the solid-electrolyte conduction band above the highest
(1)
occupied molecular orbital (HOMO) of the reductant and the top of the solid-electrolyte valence band below the lowest unoccupied molecular orbital (LUMO) of the oxidant as illustrated in Fig. 1 . &I &: Where the reactants are the metallic electrodes, as in a storage battery, the energies of the HOMO and/or LUMO are given by the F e d energy of the anode and/or cathode. 6.
7.
The mobile ion of a solid electrolyte must be the working ion of the cell. The cost of material and fabrication is always a consideration.
Given these quality criteria, the challenge is to design a material that meets all these demands at a useful operating temperature Top. In order to meet this challenge, it is necessary first to understand the factors that limit and control these quality criteria. In this paper, only the conduction mechanisms that control ~i for an anionic electrolyte are addressed. However, attention is called to the need for a large energy gap E, between the valence and conduction bands of the electrolyte and an absence of localized states within t h s gap if a ti = 1 is to be ensured; and the edges of the valence and conduction bands must be matched to the operating environment to ensure chemical stability. 
contains the motional free energy AGm = AHm -TASm. Substitution of (5) and (6) into (4) gives Oi = (AD/T)exp(-Ea/kT) (7) where, for a mobile-ion site occupancy n, = Ci/C on an array of energetically equivalent sites of concentration C, Ea = AHm (8) AD= (Cq2/k)n,Do exp(AS&) (9) To obtain a more complete description, we need to find an analytic expression for Do. From the theory of random walk, which neglects correlated motions of the ions, a Do = (P/6)z( 1 +,)firo
is derived; vo = 10"&-1 is the jump-attempt frequency and I is the distance an ion jumps to reach one of the z near-neighbor equivalent sites that is empty with a probability (1-n,). The factor f is introduced to allow a correction for the neglected correlation between ionic movements. Substitution of (10) into (9) gives AD = y(Cq2/k)nC( 1 -n@vo
n, = no exp(-AHi/2kT)
If n, is not temperature-independent, but varies as
Solid electrolytes
then n, in (1 1) is replaced by n, and (8) becomes Fig. 2 Energies of a working ion in a stoichiometric ionic compound: the dots indicate an occupied site.
S toichiometric Compounds
At low temperatures, stoichiometric ionic solids have arrays of crystallographically equivalent sites completely filled with ions. We designate these sites as normal in order to distinguish them from interstitial sites having a higher ionic potential energy. The highest normal-site ionic energies are separated from the lowest interstitial-site energies by an energy gap AH, as illustrated in Fig. 2 ; this ionic gap is analogous to the electronic energy gap E, of an electronic insulator. No ionic conduction is possible on the normal sites if they are all filled, and there are no mobile ions in the interstitial sites if they are all empty.
In most ionic solids, AH, is not strongly temperature-dependent below the sintering temperature, and any ionic conduction requires near-sintering temperatures to excite ions from normal to interstitial positions, i.e. to make Frenkel defects so as to create arrays of equivalent sites that are only partially occupied.
On the other hand, there are some stoichiometric ionic solids that undergo an order-disorder transition for only one ionic species at a transition temperature Tt that is below the melting point Tm.
Where the order-disorder transition for one ionic species leaves the other atoms in their original positions, as occurs in PbF2 and LaF3, this phenomenon has been referred to as sublattice melting (1). These transitions may be smooth or first-order. Where the order-disorder transition induces a structural transformation of the other ions, as occurs in AgI where disordering of the Ag+ ions induces a transformation of the iodide-ion array from close-packed to body-centered cubic, the transition is first-order at Tt. In either case, the energy gap AH, for the mobile-ion species becomes strongly temperaturedependent as T approaches Tt, vanishing for T > Tt. An order parameter for the transition, which may be either smooth or first-order as illustrated in Fig. 3 , is the ratio AH,(T)/AH,(O) of the gap at temperature T relative to its value of T = 0 K. At temperatures T > Tt, a set of energetically equivalent sites of concentration C is partially occupied, and the site occupancy n, = Ci/C of mobile ions would be a constant independent of temperature were there no short-range order. In fact, the probability that an ion can jump to a neighboring site with only a motional enthalpy AHm is reduced by a lowering of (1 -n,) due to the short- range order; this lowering introduces a temperature-dependent contribution to Ea that is to be added to the temperature-independent motional enthalpy AHm. At temperatures T < Tt, the site occupancy n, = ci/Cexp(-AHg/2kT) varies according to the law of mass action in a manner analogous to the concentration of electrons and holes in an intrinsic semiconductor. However, in this case AHg is not temperatureindependent:
since AHg decreases as the amount of thermally induced disorder increases. It is the positive feedback through the temperature dependence of n, that makes possible a first-order order-disorder transition at Tt.
In addition to AHg(T), the total activation energy Ea = AHm + (AHg/2) for T < Tt (16) contains a motional enthalpy AHm This thermal energy needed for a jump contains two components, a barrier energy AHb for the ion to hop when the acceptor and donor sites are at the same energy and a relaxation energy AHr that must be supplied to make energetically equal the acceptor and donor sites:
Mobile Ion If the sites on which a mobile ion moves share common faces, as illustrated in Fig. 3 , or common edges, the site face or edge acts as a barrier to the ionic motion. In order for an ion to pass through a common face, for example, the shortest distance Rb from the center of the face to a peripheral ion must be large enough to allow it to pass. Where Rb is smaller than the sum of the radii of the mobile and a peripheral ion, thermal energy must be supplied to open up the interface; where Rb is larger than the sum of the ionic radii, thermal energy may need to be supplied to push the mobile ion into the center of the diffusion pathway. Even where Rb is roughly equal to the sum of the ionic radii, thermal energy must be supplied to the mobile ion to push it over the maximum in the potential energy curve at the saddle-point position. In Equation (17), AHb is minimized by matching the mobile-ion size to Rb. The relaxation energy AHr is present because the time it takes for an ion to hop over the barrier AHb is long compared to the time it takes the immobile ions to relax to their equilibrium positions, which are different at the empty and occupied sites. To minimize AHr, it is necessary to match the mobile-ion size to the volume of the site it occupies. These two constraints are incompatible with one another, and the lowest values of AHm are found where the effective sum of the ionic radii can be modified by a polarization (or quadripolarization) of the peripheral and/or the mobile ions. In AgI, for example, the large I-ions are readily polarized and the Ag+ ion can hybridize its 4dlo core with empty 5s states so as to change the shape of its repulsive core from a sphere to a prolate ellipsoid; the hybridization energies involved in the polarization of the I-ion and the quadripolarization of the Ag+ ion are largely compensated by the gain in the covalent component of the Ag-I bond. Such an accommodation of the Ag-I bond length permits the size constraints of both AHr and AHb to be nearly optimized simultaneously to give a low AHm = 0.05eV.
Non-stoichiometric Compounds
Where there is no order-disorder transition temperature Tt c Tm above which AHg collapses or where Tt is much higher than the desired operating temperature Top of the electrolyte, it is customary to employ doping strategies to create mobile-ion vacancies or interstitials as charge compensation. In the stabilized zirconia Zrl-xCax@-x, for example, the substitution of Ca2+ for Zfl+ not only stabilizes the fluorite structure; it also introduces oxygen vacancies to compensate for the smaller charge on the Ca2+ ion. Superficially, the creation of oxygen vacancies is analogous to the introduction of holes into the valence band of silicon by doping with boron. However, the diffusive motion of ions as against the itinerant character of the valenceband electrons in silicon quite changes the magnitude of the energy AHt by which a mobile ionic species is trapped at the dopant that creates it. In the ionic case (18) contains, in addition to the coulombic term AHc, a relaxation term AHr due to the diffusive character of the motion. Also, the term AHc is larger because the ionic charges are less effectively screened by the dielectric constant of the solid. It is not unusual to find a AHt > 1 eV, which makes (19) disappointingly large. In Zr~-,Cax02-,, for example, the larger Ca2+ ion relative to Zfl+ creates a local elastic strain field that adds to the coulombic attraction of the oxygen vacancies to a Ca2+ ion, and an Ea 2 1 eV makes Top > 800°C. In order for the oxygen vacancy to contribute to a d.c. conductivity, it must either free itself from the dopant or find a tortuous percolation pathway through the solid. However, doping heavily enough to provide the percolation pathways and operation at a high To, tends to make the material metastable with respect to a clustering of the dopants and deeper trapping of the oxygen vacancies. Aging is a problem in the stabilized zirconias where relatively heavy doping is required to stabilize the fluorite structure.
EXAMPLES

Stoichiometric compounds
The compounds PbF2, Ba2In205, and AgI illustrate fast ionic conduction in stoichiometric compounds. Like stabilized zirconia, PbF2 has the fluorite structure; but as a stoichiometric compound the F-ions occupy all the tetrahedral sites of the face-centered-cubic Pb2+ ion array. Nevertheless Faraday first noted a smooth transition to fast F--ion conduction in this compound at higher temperatures. Ba2In205 is a fast oxide-ion conductor above a first-order order-disorder transition at Tt = 930°C that leaves the BaIn array unchanged. AgI is a fast Ag+-ion conductor above a first-order transition at a Tt = 147°C; in this case the stationary I--ion array changes from close-packed to body-centered cubic at Tt.
In the case of PbF2, a fundamental problem has been the characterization of the disordered state at high temperatures. It was reasonable to anticipate that the F-ions were being excited from the tetrahedral sites of the Pbzf-ion array, the normal sites, into interstitial octahedral sites. However, Schultz (2) has analyzed high-temperature x-ray-diffraction data with asymmetric F--ion potentials to show that the F-ions are not thermally excited to the octahedral sites, but spend an increasing percentage of their time at the saddle-point positions between tetrahedral sites as the temperature is raised. In order to understand this rather surprising result, it is instructive to consider the room-temperature structure of K Y~F I o shown in Two quadrants of the 5. In this structure, the K+ and Y3+ ions are ordered within a face-centered-cubic cation array as are the Au and Cu atoms in the alloy AuCu3. The F-ions are not evenly distributed within the interstitial space of this cation array, but are segregated into F--poor quadrants containing F-ions on all the tetrahedral sites as in the fluorite structure and F--rich quadrants containing twelve F-ions on all the saddle-point positions between the tetrahedral sites. This structure demonstrates two interesting points: first, there is little difference in the potential energy for F-ions on tetrahedral and saddle-point positions in a face-centeredcubic cation array in confirmation of the x-ray studies of Schultz on PbF2; second, the occupancy of saddlepoint positions in one quadrant can coexist stably with the occupancy of tetrahedral sites in the neighboring quadrants. This latter observation demonstrates that in the fluorite structure of PbF2 cluster excitations of eight F-ions within a quadrant from tetrahedral sites to saddle-point positions are energetically accessible (3). This cooperative excitation is more accessible in PbF2 than in isostructural SrF2 because of the polarizability of the Pb2+:6s2 core, which reduces AHm. The energetic accessibility of a cluster excitation to saddle-point sites of larger concentration allows a disordering of the F-ions over tetrahedral and saddlepoint sites, which in turn permits long-range F--ion diffusion with a relatively small Ea = AHm + OSAHg(T). Ionic transport requires local charge fluctuations that stabilize a greater occupancy of saddlepoint sites at the expense of F--ion vacancies introduced into neighboring fluorite quadrants. In this case, the temperature dependence of AHg(T) is weak, so the order-disorder transition is smooth. The thermodynamic consequences of such a model have not been studied either theoretically or experimentally. The structure of the ideal cubic ABO3 perovskite has an ordered AB cation array consisting of two interpenetrating simple-cubic A and B cation arrays. The oxygen atoms occupy the midpoints of the edges of the cube of smaller B cations to give an array of comer-shared BO6 octahedra. At room temperature, Ba2In205 has the brownmillerite structure of Fig. 6(a) (4) ; it is an oxygen-deficient perovskite BaIn02.5 with an ordering of the oxygen vacancies within alternate In-0 planes perpendicular to an orthorhombic caxis. An In3+ ion is stable in either octahedral or tetrahedral coordination, and the vacancy ordering creates corner-shared planes of In06 octahedra sharing comers along the c-axis with comer-shared planes of In04 tetrahedra. Ordering of the anion vacancies makes the vacancy and occupied oxygen sites crystallographically and energetically inequivalent; the energy of the vacancy sites is separated from that of the occupied sites by an energy gap AHg(T) = AHg(0) -nc&, Equation (15). In this case, a strong positive feedback into AHg(T) through the temperature dependence of n, induces a first-order order-disorder transition at TI = 930°C ( 5 ) as shown in Fig. 6(b) . The slope of log(aT) vs. 1/T well above Tt gives a measure of AHm; but just above Tt considerable short-range order persists (6). Below room temperature, the slope of log(aT) vs. 1/T gives a measure of Ea = AHm + 0.5AHg(0). As T approaches Tt, a dAH,(T)/dT < 0 introduces an anomalous increase with temperature in the magnitude of the slope of the log(oT) vs. l/T plot as well as an anomalous increase in the pre-exponential factor AD. A similar, but somewhat different situation is present in AgI. In this case, the Ag+ ions are ordered on half the tetrahedral sites of a close-packed I--ion array at low temperatures. Thermal excitation of Ag+ ions into interstitial sites induces at Tt = 147°C a first-order displacive transition of the I-sublattice from close-packed to body-centered cubic with Ag+ ions partially occupying equivalent face-sharing pseudotetrahedral sites (7). Although only one of the four tetrahedral sites in a cube face can be occupied simultaneously, there are three cube faces for two Ag+ ions, so the Ag+ ions only occupy two-thirds of the available tetrahedral sites, which gives an Ea = AHm = 0.05 eV. Partial substitution of Rb for Ag led to the compound RbAg415 having a rigid RbI5 array within which the Ag+ ions are disordered at room temperature over an array of face-shared tetrahedral sites (8). Although the Ea = AHm is a little higher in RbAg415 than in high-temperature AgI, nevertheless stabilization of fast ionic conduction to room temperature was a major achievement. A key to retention of a small AHm in RbAg415 is the ordering of the Rb+ ions into a fixed position in this compound.
Non-stoichiometric electrolvte The number of stoichiometric compounds exhibiting technically useful ionic order-disorder transitions is extremely limited, and no practical strategy exists for identifying where to look for them. Consequently most attempts at the design of solid electrolytes have relied on chemical doping. In this approach, the mobile species are trapped by an energy AHt at the dopant that creates them to give an Ea = AHm + OSAHt, Equation (19). The materials design problem is then to find a way to reduce AHm and AHt simultaneously.
The development of framework (or skeleton) structures has proven an excellent strategy for alkaliion solid electrolytes (9). In this approach, doping within the framework is sufficiently removed from the mobile-ion species that AHt is minimized; and an open framework can provide an interstitial space that minimizes AHm. Presumably a similar strategy could be developed for anion conductors. However, to date work has concentrated on substitutions into fixed cation arrays within which the anions are mobile. Simple cation arrays allow three-dimensional conduction; layered structures confine the anion conduction to two dimensions within alternate layers. Attempts to develop a good oxide-ion electrolyte illustrate the problems encountered with this approach to obtain anion conductors.
Oxide-ion Electrolvtes
The stabilized zirconias continue to be the oxide-ion electrolyte of choice; but these have an Ea = 1 eV, which forces a Top > 800°C. It is a high AHt that is responsible for the high value of Ea. In Zrl.,Ca,@-,, for example, the oxygen vacancies make direct contact with the substituted cation array, and they tend to be trapped at Ca2+ ions as discussed above. Moreover, stabilization of the fluorite structure requires the introduction of enough vacancies that vacancy-vacancy interactions tend to stabilize regions of short-range order that, in turn, may induce Ca2+-ion clustering at a high Top. This situation provides a strong motivation to search for alternate oxide-ion electrolytes.
The ordered AB cation array of the cubic ABO3 perovskite structure offers an alternate cation array, and the experiments in Ba2In205, Fig. 6 , demonstrate that AHm can be acceptably small in this cation array if the vacancies are disordered. To disorder the vacancies, it is necessary to reduce their concentration. Ideally that would be done by going tp cation substitutions that leave an ordered cation array. In fact, another tack was taken.
The compound Ca3Fe2Ti08 is reported (10) to have an anion-deficient perovskite structure in which the oxygen vacancies order so as to give a plane of corner-shared B 0 4 tetrahedra alternating with two planes of corner-shared BO6 octahedra, i.e. ... 0 0 T O O T ... vs. the ... OTOT ... stacking of Fig. 6(a) ; the Fe and Ti B cations remain disordered. Because the Z P + ion is unstable in less than sixfold oxygen coordination, it was reasoned that the ZP+ ions would tend to capture six oxygen near neighbors to leave the oxygen vacancies associated with the In3+ ions. Competition for capturing oxygen at Z P + ions in the BO planes would create vacancies in the BO2 planes so as to promote disorder and oxygen conduction (5). In fact, a fast ionic conduction was observed below 4OO0C, but it turned out to be protonic associated with H20 absorbed below 400°C into the oxygen vacancies (1 1). Under dry conditions, oxygen is absorbed, oxidizing the oxide-ion array. Two important conclusions follow:
1.
Where an AB03-y cubic perovskite contains B cations stable in tetrahedral as well as octahedral sites, there is little driving force to absorb neutral oxygen species so as to transform B 0 4 tetrahedra to BO6 octahedra.
2.
Where the B cations are unstable in less than sixfold oxygen coordination, oxygen andlor water absorption occurs in oxygen-deficient perovskites to complete the sixfold oxygen coordination.
Ions like ZP+, Hf4+, Ce4+, Y3+, or Ln3+ are unstable in less than sixfold oxygen coordination; they prefer eightfold oxygen coordination. Stabilized zirconia does not absorb water because the ZP+ ion always has at least sevenfold oxygen coordination in the fluorite structure. On the other hand, ions like Al3+, Ga3+, and In3+ are stable in either fourfold or sixfold coordination; these ions form the brownmillerites A2B2O5 and do not absorb water at low temperatures. These ions should, therefore, be used in oxide-ion electrolytes based on the oxygen-deficient perovskite structure.
This conclusion has been reinforced by two studies. In the first, substitution of Y3+ for In3+ in Ba2In205 yielded Ba3Y409, a phase stable in dry air. In moist air, Ba3Y40g decomposes into Y2O3 and BaC03. A fast ionic conduction observed in the range 370 c T c 600°C for a starting pellet of Ba3Y40g turned out to be protonic; it occurs in an immobilized-liquid state of an intermediate decomposition product B~( O H )~-B~O Z -~ and/or a eutectic Ba(OH)2 -11 w/o BaC03 (12). In the second study, LaGaO3 was doped by substitution of Sr2+ for La3+ and/or Mg2+ for Ga3+ so as to introduce a controlled concentration of oxygen vacancies (13, 14) . The system La2-xSr,Gal-yMgy03-0,5z, z = x + y, does not absorb water or oxygen from moist air, it does not age at 750°C, and it has an oxide-ion conductivity about 3 times higher than stabilized zirconia above 550°C. However, a measured Ea = 1.07 eV below 600°C is somewhat larger than the 0.98 eV activation energy obtained in the best yttria-stabilized zirconia. Clearly AHt remains a problem in this point-doped oxide. What makes it a superior electrolyte is a pre-exponential factor AD that is about 20 times larger than that of yttria-stabilized zirconia. An unusually large value for AD signals either a large entropic term exp(AS,lk) or the addition of a factor associated with a temperature-dependent component in Ea. This situation is found on the approach to an order-disorder transition, which suggests a smooth order-disorder transition, associated with short-range ordering of the oxygen vacancies is taking place below 600°C.
An interesting variation of this approach is found in the 02--ion conductors Bi4V2-,MXO1 imY first studied by Abraham et a1 (15) . Bi4V2011 itself is a layered compound containing oxygen vacancies. A fixed Biz02 layer alternates with an oxygen-deficient V05.5 layer to give two-dimensional oxide-ion conduction; but high oxide-ion conductivities are only found above a smooth order-disorder transition temperature Tt = 570°C. Substitution of 20% of the V5+ ions, and also some Bi3+ ions (16), by the JahnTeller ions Cu2+ or Mn3+ and/or by the ferroelectric Ti4+ or Nb5+ ions suppresses the cooperative distortions of the lower-temperature phases and gives a remarkably high 02--ion conductivity above 200°C.
Although the transport number to is reported to be high in air at temperatures T > 500"C, the presence of transition-metal cations and of Bi3+ ions makes too restrictive for many applications the range of partial pressures over which to is high. Nevertheless, the use of ions active in displacive transitions to enhance the ionic conductivity is instructive.
Proton Electrolvtes
Finally, the ability of the proton to make directed hydrogen bonds makes difficult the design of proton conductors useful at higher temperatures. Fast proton conduction within an oxide only occurs where thermal energies excite the OH-, H20, and/or H3O+ species into free rotation. However, this situation is found in solids only on the approach to loss of water. The best solid proton conductors are wet particle hydrates (17, 18) , which restricts their use to near ambient temperatures.
